Abstract A space-resolved EUV spectrometer for measuring the one-dimensional distribution of impurity line emissions in Large Helical Device (LHD) has been upgraded to measure twodimensional distributions of impurity line emissions with an extension of working wavelength range to 30∼650Å. The two-dimensional measurement is performed by scanning the observation chord horizontally. A rectangular plasma region of 520 × 700 mm 2 in vertical and horizontal sizes can be observed during a single horizontal scan. The horizontal scan requires a time duration of 5 s at least. The spatial resolution is 10 mm in the vertical direction when a spatial-resolution slit of 0.2 mm in width is adopted. Although a spatial resolution in the toroidal direction is 75 mm, it is a function of CCD exposure time and horizontal scanning speed. Two-dimensional distribution of EUV line emissions from several impurities has been successfully observed for the first time from steady discharges in LHD. In this paper two-dimensional distributions of He II (303.78Å), C V (40.27Å), C VI (33.73Å) and Fe XX (132.85Å) located at different radial positions are presented with simple analysis on the magnetic field structure of LHD.
Introduction
Spectroscopy has been widely used in studies of magnetically confined fusion plasmas as a reliable tool to diagnose impurity species, electron and ion temperatures, plasma rotation, rotational transform and so on [1] . The impurity transport has also been studied using spectroscopic methods. In order to study the impurity transport in both the edge and core plasmas, extreme ultraviolet (EUV) spectroscopy is particularly important because most of the spectral lines emitted from low-and high-Z impurity ions exist in the EUV range with strong intensity [2] . Large Helical Device (LHD) is a superconducting fusion device with poloidal/toroidal period numbers of 2/10, a major radius of 3.6 m and an averaged minor radius of 0.64 m [3] . The magnetic geometry of LHD is a three-dimensional structure due to the absence of toroidal symmetry. Many types of spectrometers working in the visible, VUV and EUV ranges are installed on LHD to monitor the impurity behavior and to study the impurity transport [4] . Two flat-field EUV spectrometers called EUV − Short and EUV − Long with a varied line spacing (VLS) groove holographic grating were developed in LHD to monitor the impurity behavior in wavelength ranges of 10 ∼ 130Å and 50 ∼ 500Å, respectively [5, 6] . A space-resolved EUV spectrometer working in 60 ∼ 400Å was also developed for measuring one-dimensional vertical profiles of impurity line emissions at a horizontal elongated cross section in the LHD. The vertical profile has been observed with an excellent spatial resolution [7] . Recently, the space-resolved EUV spectrometer has been upgraded to observe twodimensional distribution of impurity lines emitted from the edge stochastic magnetic field layer, the so called ergodic layer, with an extension of the working wavelength range to 30 ∼ 650Å. In this paper, preliminary data of the two-dimensional distribution of impurity line emissions are presented. A specific feature of edge magnetic field structure in LHD is clearly seen in the distribution.
Experimental setup
A schematic drawing of different poloidal cross sections observed by the space-resolved flat-field EUV spectrometer is shown in Fig. 1 . The EUV spectrometer is placed at a distance of X=13052 mm from the torus center along the major radius direction (Y =0), denoted with "C". Then, the observation chord with a horizontal angle of ϕ = 0
• passes through the toroidal position of the horizontally elongated plasma cross section, while the elliptical plasma poloidally rotates five times in one toroidal turn. The spectrometer evacuated by a magnetically floating turbo molecular pump is maintained in the order of 10 −8 Torr. The spaceresolved EUV spectrometer has been recently upgraded to the two-dimensional diagnostic by adding a stepping motor, with which the observation chord can be horizontally scanned during a stable discharge. The twodimensional distribution is recorded by scanning the observation chord between ϕ = −7
• ∼ +7
• , of which the angles are limited by the LHD 1-O diamond port and the rectangular port of the vacuum vessel extension between the LHD and the spectrometer. Since the elliptical plasma cross section rotates with the horizontal angle, the X-point structures at the inboard and outboard sides can be separately observed, as seen in the cross sections denoted with ϕ = −2
• and ϕ = +2 • in Fig. 1 . The space-resolved EUV spectrometer consists mainly of an entrance slit, a spatial resolution slit placed in front of the entrance slit, a gold-coated variedline-spacing (VLS) holographic grating and a backilluminated charge-coupled device (CCD) detector with 1024 × 255 pixels, which is usually operated at −20
• C. The reflectivity in the wavelength range shorter than 200Å was increased and the stray light was also reduced together with higher order light by adopting the laminar-type holographic grating with an effective area of 26 mm in groove length and 46 mm in groove distance. The concave VLS grating (1200 grooves/mm) with an angle of incidence of 87
• creates approximately a flat focal plane in a considerably wider range of wavelength. A CCD (1024 × 255 pixels) is used as the detector which can be moved along the wavelength dispersion in the focal plane by a stepping motor to cover the wavelength range of 60∼400Å.
The wavelength range was limited by the inside structure of the spectrometer. Then, a second stage for scanning the wavelength range is added to the original stage to extend the wavelength range to 30∼650Å. Although the excellent flat focal image is not theoretically guaranteed in the extended wavelength ranges of 30∼60Å and 400∼650Å, no problem occurs in practical use. The EUV line emissions can be measured with sufficient spectral resolution even in the extended wavelength ranges.
The spectral resolution of 0.22Å is obtained at 200Å in the full image mode of CCD data acquisition. The vertical spatial resolution of 10 mm is obtained when the spatial resolution slit of 0.2 mm in width is used. It is noticed that a good spatial resolution is necessary for the edge impurity measurement since the plasma parameters, as functions of the radial position, change quickly. In the present study, the spatial resolution slit of 0.5 mm in width is adopted to increase the intensity of impurity line emissions. The vertical spatial resolution is, however, still good, i.e., 15 mm. In the present study the sampling time and the binning mode of CCD are set to 200 ms and 5 pixels, respectively. Although the spatial resolution in the toroidal direction is originally 75 mm at the plasma center, it is also a function of the CCD exposure time and the horizontal scanning speed of the EUV spectrometer. The EUV spectrometer is generally scanned at relatively high speed of 3∼5 mm/s, which is mainly determined by the discharge duration.
In LHD the core plasma inside the last closed flux surface (LCFS) is surrounded by a thick ergodic layer due to the presence of higher-order Fourier components in magnetic fields created by a pair of helical coils. The structure of the ergodic layer in the horizontally elongated cross section (ϕ = 0
• ) at the magnetic axis position of R ax =3.6 m is shown in Fig. 2 . The position of LCFS in the LHD is defined by the outermost flux surface on which the deviation of the magnetic field line is less than 4 mm while it travels 100 turns along the torus [8] . The ergodic layer consists mainly of stochastic magnetic field lines with lengths from 10 m to 2000 m, which correspond to 0.5∼100 toroidal turns of the LHD torus. The thickness of the ergodic layer, λ erg , varies with the poloidal and toroidal angles exhibiting a complicated three-dimensional structure. The minimum thickness of the ergodic layer takes place at two poloidal locations near the helical coils, which are here defined as the "O-point". The λ erg increases not only with R ax but also with the β value ( ≡ plasma pressure/magnetic pressure) [8] . The magnetic field lines in the ergodic region are sufficiently long to confine the edge plasma, although the field lines frequently repeat the radial movement during the toroidal turn. Therefore, the electron temperature and density in the ergodic layer are considerably high and range between 10 ∼ 500 eV and 1 ∼ 10 × 10 13 cm −3 , respectively [9] . Outside the ergodic layer, there exists four intrinsic divertor legs connecting the X-point region to divertor plates. The total number of field lines in the inboard X-point connecting directly to the divertor plates, which does not mean the magnetic field strength there, is much larger than that in the outboard X-point, at least in R ax =3.6 m. Here, it should be pointed out that the total number of field lines near the outboard X-point connecting directly to the divertor plates increases as the R ax shifts outwardly. 
Experimental results
Steady plasmas over 10 seconds heated by the ion cyclotron range of frequency (ICRF) are used for the present measurements. In the discharges the lineaveraged electron density and the central electron temperature are maintained at around 2 × 10 13 cm −3 and 2 keV, respectively. The two-dimensional distributions of He II (303.78Å: Fig. 3 . Each figure is a superimposition of three distributions in different vertical parts, i.e., the upper, middle and lower parts of the LHD plasma, which are independently recorded in different discharges by changing the vertical angle of the EUV spectrometer. The small difference in line intensities among three discharges is corrected using the same line emission measured by other EUV spectrometers. The vertical position in the figure is carefully calibrated using a toroidal slit, which is placed between the LHD plasma and EUV spectrometer [10] . A series of rectangular-corrugated edge with a periodical opening is attached to the side of the toroidal slit. The vertical width of the opening changes between 2 mm and 9 mm to identify each observation chord. An image projected rectangular-corrugated edge can be observed on the CCD detector, when the toroidal slit opens only 20 mm in horizontal width which corresponds to the size of the rectangular opening.
The four impurity ions shown in Fig. 3 have different ionization energies of 54 eV (He II), 392 eV (C V) and 490 eV (C VI) and 1582 eV (Fe XX) [11] , respectively. Since the electron temperature at LCFS ranges between 200 eV and 500 eV in low-density discharges under a high-magnetic field of B t = 2.75 T, the He II emission is located at the outside boundary in the ergodic layer and the C V and C VI emissions are located near the LCFS. Seeing three images of Figs. 3 (a) ∼(c) we find two important results. One is the strong intensity appeared in the bottom of the image. It seems to express certain impurity transportation in the stochastic magnetic field layer. At present the reason is unclear. We need the help of a simulation code for the edge plasma transport so as to determine the exact reasons. The other is a trace of inboard X-point, which is clearly seen as a linear trace from left-bottom (Y = −200 mm and Z = −400 mm) to right-top (Y = 200 mm and Z = 500 mm). Compared to Fig. 1 , one can understand that the trace originated in the emission from the inboard X-point. As mentioned above, the number of magnetic field lines in the inboard X-point is much larger than that in the outboard X-point (also see Fig. 2 ). The present result strongly suggests the presence of higher density, at least higher impurity density, near the inboard X-point, in which the recycling through the magnetic field lines connecting directly to the divertor plates can be enhanced. On the contrary, the Fe XX emission shows its presence in the central column of plasma. The diagonal trace related to the inboard X-point is of course disappeared from the image of Fe XX. The vertical distributions of He II, C V, C VI and Fe XX are plotted in Fig. 4 for observation chords looking at the horizontally elongated plasma cross section (Y = 0 mm). The profiles of He II and C V show asymmetry due to the strong emission from the bottom of the LHD plasmas. However, the profile of C VI seems to be symmetric suggesting a function of the magnetic surface. The Fe XX profile clearly indicates a function of the magnetic surface. Detailed analysis on the twodimensional image will be done in the near future using the edge transport simulation code. 
Summary
A space-resolved EUV spectrometer has been developed to measure two-dimensional distributions of impurity line emissions ranging from 30Å to 650Å. The two-dimensional images of He II, C V, C VI located in the plasma edge and that of Fe XX located in the plasma core are successfully measured in steady discharges of LHD. It is found that the He II, C V and C VI are strongly emitted at the inboard X-point, suggesting that the difference between the total number of field lines connecting directly the divertor plates and the inboard X-points, and that directly connecting the divertor plates and the outboard X-points. Further analysis on the two-dimensional distribution of impurity line emissions will be done at R ax = 3.75 m and R ax = 3.9 m, where the total number of field lines becomes larger at the outboard X-point.
